Erwinia amylovora is the causative organism of the commercially important disease fireblight, which affects most members of the Pomoideae (apples and pears) as well as a range of ornamental plant species including members of the genera Cratagus, Cotoneaster, and Pyracantha (21) . While the pathogenesis of the disease at the cellular level has been well documented (55) , the molecular mechanisms underlying these events have proven elusive. Molecular genetic studies on avirulent mutants of E. amylovora have identified a number of putative virulence factors (44) , including the expression of an acidic extracellular polysaccharide (EPS) (3, 4, 48) . EPS is a heteropolymer containing a backbone of galactose and glucuronic acid with pyruvate and acetate substitutions (47) . The role of EPS in the disease process is unclear, but a number of possibilities exist, including protection from the plant defense mechanisms by masking underlying cell surface proteins (26) and water retention provoking plant cell collapse (28) . Whatever the role of EPS in the pathogenesis of fireblight, substantial quantities are synthesized in planta during the course of an infection, leading to the appearance of EPS as slime oozing from wound sites (4) .
Studies on the regulation of EPS expression in E. amylovora have identified a system analogous to that described for the regulation of the cps genes of Escherichia coli that are involved in the biosynthesis of colanic acid (5, 17, 44) . In E. coli, the system is a two-component regulatory one consisting of the RcsC and RcsB proteins, which act in temperature regulation of cps gene expression (49) , and a positive activator termed RcsA (25, 50) . RcsC has been postulated to act as an environmental sensor that, in response to environmental stimuli and in the presence of the RcsF protein (23) , phosphorylates RcsB. Phosphorylated RcsB in conjunction with RcsA stimulates transcription of the cps genes (25) . Superimposed on this complex regulatory system is the observation that the RcsA protein is cleaved by the Lon protease; it has been hypothesized that this may serve as a mechanism for regulating the availability of RcsA (50) . The Lon protease is an ATP-dependent serine protease with ATPase activity (12, 14) which plays a role in cleaving a number of short-lived proteins and cloned foreign proteins in E. coli (37) . The lon gene has been shown to be a member of the family of heat shock genes, the expression of which is induced by a number of environmental changes, including heat shock (24, 42) . Genes encoding Lon-like proteases have been cloned from a number of diverse bacteria (29, 52) , and in one case a functional Lon protease has been suggested to be essential for vegetative growth (52) .
In E. amylovora, a functional rcsA gene has been cloned, and its nucleotide sequence has been determined (5, 17) . The encoded RcsA protein was 56% identical to the RcsA protein of E. coli and was shown to be sensitive to degradation by the E. coli Lon protease (44a). The identification of homologs to the E. coli RcsC and RcsB proteins in E. amylovora (44) suggested that regulation of EPS biosynthesis in E. amylovora may be achieved in a manner analogous to that of E. coli. Implicit in such an assumption is the existence of a functional Lon protease in E. amylovora.
In this paper, we describe the cloning and characterization of the lon gene from E. amylovora. In addition, we describe the regulation of expression of this gene in response to environmental stimuli and demonstrate the existence of a heat shock response in E. amylovora. Insertional inactivation of the chromosomal lon gene resulted in increased sensitivity to UV light and increased levels of EPS production. This suggests that the Lon protease is nonessential for vegetative growth in E. amylovora and may have a role comparable to that of the Lon protease in E. coli.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth media. E. coli SG20780(⌬lon500 cps::lac) (8) was a kind gift of S. Gottesman. E. coli JM101[thi supE ⌬lac (proAB) FЈ(traD36 proAB ϩ lacZ⌬M15 lacI q )] was used for propagation of phages M13mp18 and M13mp19 (39, 54) . E. coli DS410 was used as a source of minicells (53) . E. amylovora OT1 has been described previously (17) . The plasmids used in this study are described in Table 1 .
All bacteria were routinely grown in L broth supplemented with 25 g of kanamycin per ml, 20 g of tetracycline per ml, 100 g of ampicillin per ml, 25 g of chloramphenicol per ml, 25 g of rifampin per ml, or 50 g of streptomycin per ml as appropriate. E. coli were grown at 37ЊC, and E. amylovora were grown at 28ЊC. For UV sensitivity experiments, E. amylovora was grown in modified M9 minimal media (40) . To induce a heat shock response in E. amylovora, either mid-log-phase cells were shifted from 18 to 37ЊC for 60 min or nalidixic acid was added to them to a final concentration of 25 g/ml. The suicide vector pKNG101 was maintained in E. coli JM101 pir (51) for DNA manipulation procedures and for filter matings. Filter matings were performed as described by Coleman et al. (16) . E. amylovora was transformed by electroporation according to the method described by Milner et al. (40) , in which the cells were harvested at an optical density at 600 nm of 0.6 and then washed in 10 mM NaCl to remove excess EPS.
Measurement of UV sensitivity. Mutants were initially screened by streaking onto L agar plates, which were then exposed to long-wave UV light (10 ergs mm Ϫ2 ) for 0, 30, and 60 s. Growth was compared with that of the parent strain. UV sensitivity was further characterized by exposition of bacteria grown in liquid minimal media to UV irradiation (10 ergs mm
Ϫ2
) for increasing periods of time followed by viable count determination on L agar plates.
DNA procedures. E. amylovora chromosomal DNA was extracted as described by Saito and Miura (45) , except that prior to lysis the cells were washed twice in 10 mM NaCl to remove excess EPS. Plasmid DNA was purified by the method of Clewell and Helinski (15) or, for small-scale rapid purification, by the method of Birnboim and Doly (7) . Restriction endonucleases and DNA ligase were purchased from Bethesda Research Laboratories (Bethesda, Md.) and used according to the manufacturer's instructions.
DNA-DNA hybridizations. For Southern blots, restriction endonuclease-generated DNA fragments were transferred to GeneScreen (Dupont) as described previously (43) . Radiolabelled probes were generated by labelling of fragments directly in molten low-melting-point agarose gel slices by extension of random hexadeoxynucleotide primers with the large fragment of DNA polymerase I in the presence of [ 32 P]dCTP (22) . The hybridizations and filter washing were performed as described previously (43) .
Nucleotide sequence analysis. Single-stranded M13 DNA templates (39) were sequenced by the dideoxy-chain termination method (46) . The DNA fragments were analyzed on buffer gradient gels (6) . Nucleotide sequences were analyzed with the Wisconsin (19) and Lipman-Pearson (34) molecular biology programs on the Vax VMS Cluster. Site-directed mutagenesis of the lon promoter was performed by PCR according to the method of Higuchi (27) . The authenticity of the mutagenesis was confirmed by nucleotide sequence analysis.
Promoter mapping. RNA was prepared from nalidixic acid-treated OT1(pISR508) and JM101(pISR508) grown to mid-log phase according to the method of Koronakis and Hughes (36) . The promoter was identified by the commercial avian myeloblastosis virus reverse transcriptase primer extension system (Promega), with an oligonucleotide primer complementary to nucleotides 444 to 464 (see Fig. 3 ). The length of the transcript was determined by sequence analysis of a comparable promoter fragment with the same primer.
␤-Galactosidase and ␤-glucuronidase assays. ␤-Galactosidase in lacZ fusion strains was visualized on L agar supplemented with the chromogenic dye X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside; Sigma). ␤-Galactosidase was assayed as described by Casaregola et al. (10) . ␤-Glucuronidase was assayed by the method of Jefferson et al. (31) . For both assays, each experiment was performed in triplicate, the results were expressed as the mean Ϯ the standard error of the mean (SEM), and the difference between the means was determined (33) .
Chloramphenicol acetyltransferase (CAT) assays. The cell pellet, resuspended in 100 mM Tris (pH 7.8), was sonicated four times for 15 s on ice with a 30-s cooling interval with a Braun Labsonic 200 sonicator. To start the reaction, 5,5Ј-dithio-bis(2-nitrobenzoic acid) (DTNB) was added to a final concentration of 0.4 mg ml Ϫ1 together with 0.1 mM acetyl coenzyme A and 0.1 mM chloramphenicol. The reaction was monitored by measurement of the A 412 over a 5-min period.
Polysaccharide assays. Polysaccharide was extracted from mutant and wildtype E. amylovora strains by the method of Jann and Jann (30) . The amount of polysaccharide present was determined by the colorimetric method described by Dubois et al. (20) . A calibration curve was prepared with galactose as a standard.
Virulence assays. The virulence of OT1 and OT1m7 was assayed in Bittenfelder apple seedlings as described previously (40) .
Minicell analysis. Minicells were prepared and labelled as described by Wilkins et al. (53) . Labelled products were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and fluorography (53) .
Nucleotide sequence accession number. The sequence shown in Fig. 3 has been assigned the GenBank number X77706.
RESULTS AND DISCUSSIONS
Cloning and expression of the E. amylovora lon gene. A previously constructed cosmid library of E. amylovora OT1 chromosomal DNA in the broad-host-range vector pLAFR3 (17) was introduced by filter mating into the E. coli strain SG20780. This strain has a cps::lacZ fusion and a mutation in the lon gene. This results in an increase in the half-life of RcsA, causing increased transcription of the cps::lacZ fusion, which can be visualized as a Lac ϩ phenotype. Complementation of the lon mutation in this strain results in a decrease in the availability of RcsA, thereby reducing transcription of the cps::lacZ fusion, which can be detected as a Lac Ϫ phenotype on media supplemented with X-Gal. Two cosmid clones, termed pISR500 and pISR501, which were able to complement the lon mutation in SG20780 were identified. The decrease in transcription of the cps:: lacZ fusion due to complementation by pISR500 and pISR501 was comparable with that induced by the presence of a cloned copy of the E. coli lon gene on plasmid plon500 (38) . ␤-Galactosidase activities, determined as described by Casaregola et al. (10) and shown in activity units for the indicated strains as means Ϯ SEMs, were as follows: SG20780(pACYC184), 1.37 Ϯ 0.11; SG20780 (plon500), 0.45 Ϯ 0.09; SG20780(pISR500), 0.56 Ϯ 0.08; SG20780 (pISR501), 0.50 Ϯ 0.07; SG20780(pISR502), 0.32 Ϯ 0.05.
Restriction endonuclease analysis of both cosmids revealed them to be identical, with approximately 23 kb of cloned DNA (data not shown). Cosmid DNA of pISR500 was digested with the restriction endonuclease EcoRV and ligated with EcoRVdigested pACYC184 DNA (11) , and the resulting preparation was used to transform SG20780. Plasmid DNA was extracted from Lon ϩ (Lac Ϫ ) colonies and analyzed by restriction endonuclease digestion and agarose gel electrophoresis. One clone, termed pISR502, which contained a single subcloned EcoRV fragment of 6.0 kb (Fig. 1) , was used for further studies. The ␤-galactosidase activity of strain SG20780(pISR502) was comparable with those of strains SG20780(pISR500) and SG20780 (plon500). To confirm the origin of the cloned lon gene, Southern blot analysis was performed with the 6.0-kb EcoRV fragment as a radiolabelled probe to chromosomal DNA of E. amylovora OT1. As predicted, the probe hybridized to a single EcoRV fragment of 6.0 kb (data not shown). Minicell analysis of plasmid pISR502 revealed the presence of a single non-vector-encoded protein with an approximate molecular mass of 90 kDa (Fig. 2) .
Nucleotide sequence analysis of the E. amylovora lon gene. Appropriate overlapping restriction endonuclease cleavage fragments from the 6.0-kb EcoRV fragment were subcloned into M13mp18 and M13mp19, and the nucleotide sequence between the first EcoRI site and a point 230 bases downstream of the BglII site on both strands was determined (Fig. 1) . A single open reading frame of 2,355 bp was identified (Fig. 3) . Comparison of the nucleotide sequence of the E. amylovora lon gene with those already reported revealed extensive homology: 80% to that of E. coli (2), 59% to that of Myxococcus xanthus (52) , and 54% to that of Bacillus brevis (29) . Five base pairs upstream of the ATG start site of this open reading frame was a putative ribosome binding site, AGAGA (Fig. 3) . Analysis of the putative Ϫ35 and Ϫ10 regions revealed extensive homology to the consensus sequence of E. coli heat shock promoters ( Fig. 3 ; Table 2 ) (18, 42) . In particular, the sequence of the putative Ϫ10 region of the E. amylovora lon gene was identical to that of the E. coli lon gene (2, 13) ( Table 2) .
The E. amylovora lon gene encoded a protein of 784 amino acids with a predicted molecular mass of 87,500 Da (Fig. 3) . This is in good agreement with the size of the encoded protein detected by minicell analysis (Fig. 2) . Analysis of the predicted amino acid sequence of the encoded E. amylovora Lon protein revealed 93% identity to that of the Lon protein of E. coli (2) , 59% identity to that of M. xanthus (52) , and 54% identity to that of B. brevis (29) . The predicted amino acid sequence of the E. amylovora Lon protein also contained the two nucleotidebinding folds typical of Lon proteases (Fig. 3) (1, 2, 13 ) as well as a conserved serine residue at position 679 (Fig. 3) , postulated to be the catalytically active serine residue (1). These results confirm and extend the observation that highly conserved Lonlike proteases are present in a diverse range of bacterial genera. In addition, the identification of a Lon protease in E. amylovora is further evidence that regulation of EPS expression in E. amylovora may be achieved in a manner analogous to that of colanic acid biosynthesis in E. coli. However, while in general terms this may be the case, the specific signals which impinge on this control system and stimulate EPS expression are likely to be different between the two microorganisms.
Insertional inactivation of the chromosomal lon gene. The E. amylovora chromosomal lon gene was mutated by insertional inactivation with the suicide vector pKNG101 (35) . A 0.9-kb BamHI-SalI fragment of the lon gene from pISR502 ( Fig. 1) was cloned into pKNG101 to give plasmid pISR506. This plasmid was introduced by filter mating into strain OT1, and streptomycin-resistant transconjugants were selected. Such transconjugants will have been generated by a single crossover between pISR506 and the chromosomal lon gene, resulting in insertional inactivation of the lon gene. Chromosomal DNA was extracted from two mutants, termed OT1m2 and OT1m7, and analyzed by Southern blotting with the lon gene as a radiolabelled probe. This confirmed that in both mutants the lon gene had been insertionally inactivated (data not shown). E. coli lon mutants have increased sensitivity to UV irradiation due to their inability to degrade SulA (41) . Therefore, the UV sensitivities of OT1, OT1m2, and OT1m7 were determined. Both OT1m2 and OT1m7 were significantly more sensitive to UV irradiation than OT1 (Table 3 ). In addition, both OT1m2 and OT1m7 showed highly mucoid colony morphology with increased levels of EPS production. Levels of polysaccharide, determined as described by Jann and Jann (30) and given as micrograms of EPS per unit of optical density at 600 nm (mean Ϯ SEM) for the indicated strains, were as follows: OT1 (wild type), 86 Ϯ 23; OT1m2, 188 Ϯ 28; OT1m7, 194 Ϯ 35. The levels of OT1m2 and OT1m7 differed significantly (P Ͻ 0.05) from that of the wild type. Therefore, a lon mutant of E. amylovora has a phenotype similar to that of an E. coli lon mutant, suggesting similar roles for the Lon protease in these two different microorganisms and confirming that the Lon protease is not essential for vegetative growth in E. amylovora. To investigate whether a functional Lon protease was required for the infection process, OTI and OT1m7 were inoculated into Bittenfelder apple seedlings, and the ability to cause necrosis was assayed as described previously (40) . Both OT1 and OT1m7 caused necrosis in approximately 70% of the inoculated seedlings (data not shown), indicating that a functional Lon protease is not essential for the development of the infection process. Experiments to study whether Lon protease plays a role in the long-term overwinter survival of E. amylovora in infected tissue are now in progress. Heat shock induction of lon gene expression in E. amylovora and transcript mapping of the E. amylovora lon promoter. To determine whether expression of the E. amylovora lon gene was induced by heat shock stimuli, the EcoRV-HindIII fragment (Fig. 1) , believed to contain the promoter for the lon gene, was subcloned into the promoter probe vector pKK232-8 (9) to generate plasmid pISR508 (Table 1) . This plasmid allows transcription from the lon promoter to be measured by assay of CAT activity. Plasmid pISR508 was introduced into OT1, and the time course of CAT activity following exposure to nalidixic acid was assayed (Fig. 4) . In response to the heat shock stimulus, there was an almost twofold increase in expression from the lon promoter, with maximal expression occuring approximately 50 min after exposure to the heat shock stimulus (Fig. 4) . No increase in expression was seen in the absence of a heat shock stimulus (Fig. 4) . The time course and magnitude of expression of the E. amylovora lon gene in response to a heat shock stimulus are in agreement with expression of the E. coli lon gene under the same conditions (13) . The heat shock inducibility of the E. amylovora lon gene is in contrast to expression of the lon genes in both B. brevis and M. xanthus, which appear to be expressed solely in a constitutive manner (29, 52) . The demonstration of heat shock inducibility of the E. amylovora lon gene is the first evidence for the existence of a heat shock response in E. amylovora.
Transcript mapping was performed on RNA extracted from OT1(pISR508) and JM101(pISR508) after nalidixic acid treatment to identify the promoter for the heat shock expression of the E. amylovora lon gene. In both cases, this identified the transcriptional start site to a deoxyadenosine residue 7 bases downstream of the predicted Ϫ10 region (Fig. 3 and 5 ). This confirms that the predicted promoter with homology to the consensus sequence of an E. coli heat shock promoter is functional in the heat shock expression of the E. amylovora lon gene.
Site-directed mutagenesis of the promoter of the E. amylovora lon gene. In E. coli, the deoxycytosine-rich sequence within the Ϫ10 region of heat shock promoters (Table 2) is involved in the recognition by 32 , the sigma factor essential for mediating the heat shock response (18, 42) . To confirm that this sequence was likewise important in the heat shock response of the lon gene in E. amylovora, the four deoxycytosine nucleotides within the Ϫ10 region of the promoter of the E. amylovora lon gene (Fig. 3) were replaced with four deoxyadenosine residues by site-directed mutagenesis. Fidelity of the mutagenesis was confirmed by determination of the nucleotide sequence of the mutated promoter. Mutated and wild-type promoters were then subcloned into the promoter probe vector pBI101 (32) to generate plasmids pISR504 and pISR505, respectively (Table  1) . Plasmids pISR504 and pISR505 were introduced into OT1, and ␤-glucuronidase activity was measured. In OT1, the wildtype lon promoter gave high levels of ␤-glucuronidase activity, 0.244 Ϯ 0.02 U (mean Ϯ SEM). However, replacement of the four deoxycytosines in the Ϫ10 region abolished ␤-glucuronidase activity, with both OT1 and OT1(pISR504) having undetectable levels of ␤-glucuronidase activity. Neither heat shock nor nalidixic acid treatment led to any ␤-glucuronidase activity in OT1(pISR504). These results are comparable with those of Chin et al. (13) , who found that replacement of three of the deoxycytosine residues with deoxyadenosine in the Ϫ10 region of the E. coli lon promoter reduced basal levels of lon gene expression and abolished the heat shock induction.
Therefore, these results confirm the existence of a heat shock response in E. amylovora and indicate that this response may be mediated via a specific sigma factor analogous to 32 of E. coli. The identification of a heat shock response in E. amylovora poses the question of the role of such a response in regulation of gene expression during growth in planta and the possible environmental signals that might trigger this response. 
